Radiation therapy may affect several important parameters in the tumor microenvironment and thereby influence the accumulation of 18 liposomes by the enhanced permeability and retention (EPR)-effect. Here we investigate the effect of single dose radiation therapy on 19 liposome tumor accumulation by PET/CT imaging using radiolabeled liposomes. Head and neck cancer xenografts (FaDu) and syngenic 20 colorectal (CT26) cancer models were investigated. Radiotherapy displayed opposite effects in the two models. FaDu tumors displayed 21 increased mean accumulation of liposomes for radiation doses up to 10 Gy, whereas CT26 tumors displayed a tendency for decreased 22 accumulation. Tumor hypoxia was found negatively correlated to microregional distribution of liposomes. However, liposome distribution in 23 relation to hypoxia was improved at lower radiation doses. The study reveals that the heterogeneity in liposome tumor accumulation between 24 tumors and different radiation protocols are important factors that need to be taken into consideration to achieve optimal effect of liposome 25 based radio-sensitizer therapy. 26 28 29
inversely correlated to interstitial fluid pressure (IFP) and directly 56 correlated to regional blood perfusion and leakiness. 4 , 6-8 RT 57 influences these parameters; however, results on the effect on 58 tumor accumulation levels of nano-sized particles are not 59 clear. 6 60 Molecular oxygen is the most important radio-sensitizer and 61 hypoxic tumor cells are highly radio-resistant and display 62 increased malignancy. Tumor hypoxia is generally divided in 63 acute perfusion limited, chronic diffusion limited and anemic 64 hypoxic. 9 The nature of tumor hypoxia is closely related to 65 vascular parameters and liposomes may therefore distribute 66 poorly to hypoxic regions. In both experimental and clinical 67 tumors the IFP is increased and associated with an increased 68 malignant phenotype. 10 , 11 RT has been associated with 69 increased vascular leakiness, and high total radiation doses can 70 potentially increase the extravasation of macromolecules. 6
71
Pretreating tumors with cytotoxic agents has been identified to 72 increase tumor blood flow and decrease IFP, potentially being 73 the results of a reduction in tumor cell density to alleviate tumor 74 blood vessels compressions and increase the vascular surface 75 area which subsequently increases liposome accumulation. 12 , 13 76 Following these observations the effects of RT could also 77 mediate a beneficial effect for macromolecular extravasation by 78 reducing cell density. 11 , 14 Importantly, single radiation doses 79 N10 Gy, are known to cause significant damage to neoangiogenic 80 tumor vasculature and increase hypoxia and mediate significant 81 secondary cancer cell death following vascular damage. 15 On the 82 contrary, single doses b10 Gy cause mild vascular damage and 83 may potentially increase vascular perfusion and thereby decrease 84 hypoxia after irradiation. [15] [16] [17] Few studies of the effect of RT on 85 liposome uptake have been conducted. Single-fraction irradia-86 tion had no effect on liposome uptake in human KB cancer 87 xenografts when evaluated by gamma counting radiolabeled 88 liposomes. 18 for tumor blood vessels. CD31 staining was performed by
162 heating sections at 60°C (1 h) followed by deparaffination in 163 xylene and rehydration. Antigen retrieval was performed by 164 microwave-based antigen retrieval. Endogeneous peroxidase 165 was blocked using peroxidase blocking reagent (Dako, Glostrup, 166 Denmark) for 8 min and sections blocked in 2% BSA for (10 167 min). Sections were incubated with primary CD31 antibody 168 (Abcam, diluted 1:100) in 2% BSA (1.5 h/room temperature) 169 followed by incubation with secondary biotinylated EnVision 170 FLEX™ (40 min) (Dako, Glostrup, Denmark). Tissue sections 171 were stained with DAB (10 min) and counterstained with 172 hematoxylin. Between all steps sections were rinsed in PBS.
173
Slides were mounted for electronic slide scanning (Axio scan, 174 Carl Zeiss, Germany) (pixel size 0.022 × 0.022 μm). Tumor 175 necrosis was evaluated using the Advanced Weka segmentation 176 plug-in for Fiji (ImageJ). The degree of necrosis in sections was 177 determined by drawing ROIs in necrotic, background/artifacts 178 and viable tumor region and transferring these to the trainable 179 classifier to determine necrotic and viable areas.
180
Ten regions were selected on CD31 stained sections and sent 181 for analysis of microvessel density by automated segmentation 182 algorithm for analysis of microvessels in immunostained 183 histological tumor sections (CAncer IMage ANalysis: http:// 184 www.caiman.org.uk). 20 , 21 The regions were additionally trans-185 ferred to Fiji (ImageJ) for determination of nuclear density. In 186 short, color deconvolution was performed to yield a separate 187 hematoxylin image and the nuclei density determined by 188 excluding fragments and artifacts by automated exclusion of 189 structures below a cut-off size of (50 pixels^2). For analysis of intratumoral distribution of liposomes and 193 hypoxia FaDu tumors (controls) were intravenously injected 194 with the radiolabeled liposomes and these were allowed to 195 distribute for 24 h before sacrificing and bleeding mice. To 196 further study the influence of radiation therapy on intratumoral 197 hypoxia and liposome distribution, tumors from and two CT26 198 tumors
influence of radiation on liposome accumulation was further 272 investigated in the syngenic CT26 tumors. Following the higher 273 radiosensitivity in comparison to FaDu tumors, an irradiation 274 schedule of 2 Gy, 5 Gy and 10 Gy was chosen. Interestingly, for 275 the CT26 tumors an inverse correlation between radiation dose 276 and liposome accumulation was observed. There was signifi-277 cantly higher mean activity of liposomes in the control group 278 compared to all treatment groups at the 1-h PET scan (Figure 2 , 279 E). The control group also displayed the highest maximum 280 activity of 64 Cu-liposomes at the 1-h scan although this was not 281 significant in comparison to irradiated groups (Figure 2, F) . 282 These observations could indicate that a high level of damage 283 was induced to intratumoral blood vessels that limit intravascular 284 liposome blood activity. Opposite to the observations in FaDu 285 tumors, the irradiated CT26 groups displayed lower activity 286 levels in comparison to controls. This was however only 287 statistically significant for the controls in comparison to the 5 288 Gy irradiated group (Figure 2 , G and H). Based on the 289 conflicting results of the liposome uptake in the two included 290 tumor models we evaluated the effect of radiation dose on tumor 291 parameters that are expected to influence liposome 292 accumulation. 293 Micro vessels, nuclear density and necrosis 294 The levels of intratumoral necrosis, nuclear density and micro 295 vessels were investigated on stained tumor sections. For the 296 FaDu tumor we observed a higher level of intratumoral necrosis 297 primarily in the central parts of the tumors whereas less and more 298 scattered distribution of necrosis was observed for the CT26 299 tumors. FaDu non-irradiated controls displayed a mean intratu-300 moral necrosis level of 21.6% (± 4.5) while CT26 tumors only 301 displayed 11.0% (± 1.3). For both tumor types the level of 302 intratumoral necrosis increased with higher doses of radiation, 303 except for the comparison of the 5 Gy FaDu group and controls. 304 However, only the 20 Gy FaDu group and the 5 Gy and 10 Gy 305 CT26 groups and corresponding controls were significantly 306 different (Figure 3, A and D) . As liposome accumulation is not 307 expected to occur in devascularized non-vital necrotic regions 308 this could explain the observed lower activity in comparison to 309 controls for the 20 Gy FaDu group and the irradiated groups of 310 CT26 tumors. (Figure 4, F) . However, the 2 Gy and 5 Gy irradiated 362 groups displayed an almost similar level of hypoxia in the 363 different levels of 64 Cu-liposome activity, which could indicate 364 that these dose ranges can potentially both decrease levels of 365 hypoxia and improve liposome accumulation in regards to 366 hypoxic areas. This must of course be weighed against the 367 overall accumulation of 64 Cu-liposomes.
Discussion

369
The therapeutic combination of tumor targeting liposome-370 encapsulated radiosensitizers and radiation therapy holds great 371 clinical potential following the dual tumor targeting properties. 372 Notwithstanding this potential, the direct link between the 373 parameters of central importance for liposome accumulation and 374 the effects of radiation therapy makes the determination of 375 optimal timing of radiation and dose and liposome administra-376 tion important.
377
The two cancer models yielded opposite results in respect to 378 liposomes accumulation. Whereas radiation improved accumu-379 lation in FaDu xenografts after 24-h (5 Gy and 10 Gy groups), 380 the CT26 tumors displayed an insignificant decrease in liposome 381 accumulation after radiation. These observations are interesting 
F 415 influence liposome accumulation. Compatible results were obtained 416 for non-small cell lung cancer patients receiving adjuvant liposomal 417 doxorubicin to fractionated radiotherapy where MVD was associ-418 ated with increased accumulation and therapeutic efficacy. 23 419 However, the association of MVD to hypoxia could also influence 420 this observation as discussed below. Interestingly, the increased 421 liposome accumulation for irradiated FaDu tumors could also result 422 from a decreased IFP which may improve tumor perfusion by 423 alleviating pressure dependent collapse of intratumoral vessels. 24,25 424 Importantly, the optimal timing of liposomal drug administration in 425 relation to fractionated radiation remains to be determined and the 426 reported negative impact of RT five days after irradiation indicates 427 that timing is central for optimization of liposome accumulation. 22 428 Based on our observations improving liposome accumulation is a 429 balance between maintaining functional blood vessels and improv-430 ing intratumoral blood flow as discussed in recent literature. 26 431 However, the heterogeneous response of different tumor models, in 432 regards to these parameters, highlights the value of directly 433 quantitative PET imaging using radiolabeled liposomes.
434
Single doses of (≥10 Gy) RT induce high levels of vascular 435 damage that leads to secondary cell death when areas become 436 deprived of oxygen and nutrients. On the other hand, fractionated 437 low dose irradiation of tumors has been associated with improved 438 perfusion and reoxygenation. [15] [16] [17] The tumor sections evaluated 439 from the 2 Gy and 5 Gy CT26 groups displayed less hypoxia across 440 all levels of liposome activity, which is in line with reports on early 441 reoxygenation after low dose irradiation. This indicates that the 442 low dose irradiation, at least for the CT26 tumors, improves 443 vascular perfusion and tumor oxygenation and provides the basis The present study was conducted using a radiolabeled 469 liposome imaging system that provided quantitative data on The study identifies 471 that RT may influence the EPR effect and liposome accumula-472 tion in a tumor and dose dependent manner. This observation 473 emphasizes that the 64 Cu-liposome PET imaging system may 474 provide a theranostic tool to identify patients and treatment 475 combinations and kinetics that may benefit from liposomal drug 476 delivery in relation to radiation therapy. Future studies of 477 liposomal drug delivery systems for radiosensitizers focusing on 478 the correlation between liposome accumulation in tumor tissue 479 as a function of RT and the therapeutic effect induced are highly 480 warranted. Antiangiogenic effects of radiotherapy but not initial microvessel density
